Introduction
In the summer of 2015 the US Food and Drug Administration (FDA) and the European Medicines Agency (EMA) issued warnings about the risk of developing diabetic ketoacidosis (DKA) in patients on sodium-glucose co-transporter 2 (SGLT-2) inhibitors. 1, 2 The EMA website mentioned that they have had over 100 cases reported to them. Two recent publications have summarised the data to date. 3, 4 However, what is clear from these publications is that a large number of cases have been seen in clinical trials for SGLT-2 inhibitor use in people with type 1 diabetes (T1DM). From a pharmacological point of view, these trials make sense, given the insulin-independent mode of action of these agents. However, only a very small minority (2 out of the 13 reported by Peters et al 3 ) are in people with type 2 diabetes (T2DM). In addition, pooled data from canagliflozin trials suggested that only 12 out of 17,596 patients developed DKA; 5 however, these data have been questioned and may be a gross underestimate. 6 Thus, if a person with T1DM is being prescribed these drugs (off licence) but then develops DKA, they will need to be prepared to face the potential consequences. If more people with T2DM develop DKA, then the pharmaceutical industry needs to take notice.
Methods
We conducted a literature search on the Pubmed and Ovid databases and Google Scholar using the search terms ("DKA Table 1 shows the results of this search for people with T2DM and the case described below. Of these, two cases had undiag-nosed pancreatic insufficiency 7 and one reported a 25.4 kg weight loss in the 6 months prior to starting the SGLT-2 inhibitor, suggesting potentially undiagnosed T1DM. 8 The last case described a patient who followed a strictly reduced carbohydrate diet in the time period leading up to presentation with DKA. 9 Case report In May 2015 a 48-year-old woman with a 16-year history of T2DM and hypertension presented to the emergency department with a 4-week history of back pain and malaise. She had no other medical history and denied alcohol use. For the 4 days prior to admission she had been experiencing increasing polyuria and polydipsia. She had been vomiting and therefore had been unable to eat and drink.
Results
After her initial diagnosis of T2DM in 1999, she had been treated with diet and lifestyle changes for 5 months. However, her glycaemic control remained suboptimal and she was started on metformin. Over the following 5 years the dose of metformin was increased and additional agents had been added to her regimen, including gliclazide and exenatide, both of which were increased to maximal doses. Despite these interventions, her weight continued to rise and her glycaemic control remained suboptimal. In October 2014, because she had failed to lose weight, exenatide was stopped and dapagliflozin was started. The patient reported she lost 20 kg over the subsequent 10
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Box 1 Postulated mechanisms to allow the development of diabetic ketoacidosis in patients on SGLT-2 inhibitors
• A reduction in insulin dose when insulin and SGLT-2 inhibitors are combined
• This lower dose of insulin may be insufficient to suppress lipolysis and ketogenesis
• SGLT-2 inhibitors promote glucagon secretion
• SGLT transporters decrease urinary excretion of ketone bodies. A decrease in renal clearance of ketone bodies could thus increase plasma ketone (in particular beta hydroxybutyrate) concentrations
• SGLT-2 inhibitors are associated with mild dehydration, potentially exacerbating the ketonaemia
• Progressive beta cell decline with age meaning there is less reserve months. When she commenced dapagliflozin her glycated haemoglobin (HbA1c) had been 112 mmol/mol (12.4%) and was 114 mmol/mol (12.6%) 2 months prior to admission. On admission to hospital her medication was metformin, gliclazide, dapagliflozin, losartan and ezetimibe. For back pain she was taking naproxen, tramadol and amitriptyline. On presentation the patient had a blood glucose concentration of 21.5 mmol/L (NR 3.5-7.8 mmol/L), capillary ketone concentration of 5.2 mmol/L (<0.1 mmol/L), a venous pH of 7.24 and serum bicarbonate of 11.8 mmol/L (22-30 mmol/L) with a lactate of 1.0 mmol/L suggestive of DKA. Inflammatory markers were raised with a white cell count of 19.5x10 9 /L (4.0-11.0x10 9 /L) and C-reactive protein 577 mg/L (0-10 mg/L). Her renal function was normal, with a calculated anion gap of 32 mmol/L (3-11 mmol/L). Alcohol, salicylate and paracetamol levels were undetectable. Her anti-islet cell antibody and anti-glutamic acid decarboxylase antibody were both negative. Insulin and C-peptide results were unavailable.
She was treated in accordance with the UK national DKA guideline. 10 Metabolic correction was slower than expected and only after 24 h following admission was she able to resume normal oral intake. Her metformin was then restarted and she was initiated on biphasic human insulin.
Discussion
A systematic review of SGLT-2 receptor inhibitors reported significant reductions in HbA1c, body weight, blood pressure and incidence of hypoglycaemia. 11 Thus, their use has increased in the hope that improvements in these surrogate markers for premature cardiovascular disease will translate into lower mortality. However, as part of these studies and anecdotally, the numbers of people reported with DKA on these agents has increased, with enough numbers for the FDA to issue a warning about this association. 1 Because of the largely insulin-independent mode of action, the mechanism underpinning an association between SGLT-2 inhibitor use and DKA remains unclear, although more evidence is emerging. 4 Animal data show that the use of these agents can stimulate ketogenesis and, at the same time, reduce their renal excretion. 12 In humans there are data to show that fatty acid oxidation and ketone body production increases on initiation of these drugs. 13, 14 Furthermore, on starting an SGLT-2 inhibitor, the resultant decreased circulating glucose, in association with the patient's insulinopenia or insulin resistance, results in decreased glycogen synthesis. 15 Glycogen synthesis is further compromised because SGLT-2 inhibitors increase gluconeogenesis and serum glucagon levels. 7, 16 The use of these agents leads to a relative hyperglucagonaemia, and it is the glucagon response to frank hypoglycaemia that is diminished. This relative hyperglucagonaemia promotes lipolysis, and if this is of sufficient magnitude and/or sufficiently prolonged (in the presence of insufficient insulin), this will give rise to the excess fatty acid metabolism diverting to ketones. It may be hypothesised that, during acute intercurrent illness, the combination of increased insulin resistance (compared with the patient's baseline in T2DM) and depleted glycogen stores may result in increased lipolysis and fatty acid metabolism, resulting in ketogenesis. Indeed, in previously reported cases it is possible to see how pancreatic insufficiency may make this hypothesised depletion in glycogen reserves more likely to occur. 7 In addition, a patient with pancreatic insufficiency may also have depleted alpha cell numbers resulting in reduced levels of glucagon in response to hypoglycaemia. 15 This would drive further lipolysis and ketogenesis, potentially producing a picture of euglycaemic DKA. Similarly, a reduced carbohydrate diet or recent significant weight loss in combination with SGLT-2 inhibitor use may also predispose to reduced glycogen reserves, reliance of free fatty acid metabolism and early ketogenesis. 15 Progressive beta cell failure, potential misdiagnosis of T1DM as T2DM, inappropriate reduction in insulin dose on initiation of the SGLT-2 inhibitor and the resultant insulinopenia may all play a significant role in the association seen between SGLT-2 inhibitors and DKA. It has previously been suggested that beta cell function declines with increasing duration of T2DM. 17 More recent work suggests that this may be reduced by up to 40% 4 years after diagnosis. 18 Currently, SGLT-2 inhibitors are included as 'second line treatment' for T2DM. 19 However, it is likely that they are currently introduced several years after the diagnosis is made, when other hypoglycaemic agents have failed and hence when the residual beta cell reserve is likely to be low. One of the limitations of studies of SGLT-2 inhibitors is that no analysis has been done on the effectiveness of these drugs after different durations of diabetes, nor whether this is a factor in determining the risk of developing DKA. 9 Hayami et al also hypothesised that this class of oral hypoglycaemic agent may be particularly useful in patients who have had diabetes for a longer duration in whom sulphonylureas have become less effective due to reduced beta cell activity. 9 However, we would postulate the opposite: if an SGLT-2 inhibitor is to be used, it should be early where beta cell reserve function is retained. The lack of data reporting the duration of diabetes in those who have developed DKA means that this postulated mechanism remains speculative.
With the increasing numbers of DKA being reported in patients on these agents, clinicians should be aware of some risk factors. These include a faster than predicted weight loss because this may indicate reduced beta cell function. 1, 9 We also suggest immediate cessation of the medication if the patient becomes acutely unwell or has reduced oral intake. Finally, in the acute management of possible SGLT-2 inhibitor-induced DKA, the increased glycosuria has been shown for up to 11 days following cessation of the SGLT-2 inhibitor, 6 meaning that metabolic correction may be slower than expected.
In summary, although recent data from the empagliflozin cardiovascular safety study have shown a reduction in cardiovascular and all-cause mortality in people with T2DM, 20 it is perhaps unsurprising that inhibition of a process of central import to energy homeostasis in health may result in previously unforeseen effects on carbohydrate and lipid metabolism. We suggest that it is those patients who have low insulin levels -either due to beta cell failure or a conscious reduction in concurrently administered insulin dose -who are most at risk of this complication. Further examination of the reported cases is required. In addition, more work needs to be done to assess the roles of insulin resistance, the degree of beta cell failure and the effects of recent weight loss in the risk of developing DKA on SGLT-2 inhibitors. 
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